Key Summary Points {#FPar1}
==================

**Why carry out this study?**A frequently underappreciated comorbidity of type 2 diabetes mellitus (T2DM) is non-alcoholic fatty liver disease (NAFLD). Sodium-glucose cotransporter 2 (SGLT2) inhibitors have been shown to reduce serum levels of alanine and aspartate aminotransferase (ALT and AST, respectively) in patients with T2DM with and without NAFLD.The aim of this pooled, post hoc analysis of seven randomized, double-blind phase 3 VERTIS trials was to assess the impact of ertugliflozin on liver enzymes in patients with T2DM.**What was learned from the study?**Ertugliflozin reduced serum ALT and AST levels after 52 weeks of treatment compared with the non-ertugliflozin treatment group (placebo, glimepiride, sitagliptin), similar to results obtained with other SGLT2 inhibitors. The reduction was greatest in patients with higher baseline ALT and AST levels. No significant differences were observed between treatment groups in the Fibrosis-4 Index.Changes in ALT and AST showed a weak but statistically significant association with changes in glycated hemoglobin (HbA1c) and body weight in all treatment groups at week 52, suggesting that these changes in hepatic transaminases are partially accounted for by reductions in body weight and HbA1c.

Introduction {#Sec1}
============

A frequently underappreciated comorbidity of type 2 diabetes mellitus (T2DM) is non-alcoholic fatty liver disease (NAFLD), with a global prevalence of 55.5% among patients with T2DM \[[@CR1]\]. Patients with NAFLD are usually asymptomatic and are often presumptively identified through increased serum levels of alanine transaminase (ALT) and aspartate transaminase (AST) \[[@CR2], [@CR3]\]. In a subset of patients, NAFLD can progress to non-alcoholic steatohepatitis (NASH) and fibrosis, leading to adverse liver outcomes, including mortality, and a greater need for liver transplantations. Underscoring the importance of early diagnosis, the risk of progression to NASH appears to be greater in patients with T2DM \[[@CR4], [@CR5]\].

Sodium-glucose cotransporter 2 (SGLT2) inhibitors are an important addition to approved therapies for T2DM \[[@CR6], [@CR7]\]. They have an insulin-independent mode of action and reduce renal glucose reabsorption, thereby enhancing urinary glucose excretion and reducing plasma glucose and glycated hemoglobin (HbA1c) levels \[[@CR8]\]. The SGLT2 inhibitor drug class is associated with a reduction in blood pressure and body weight \[[@CR9], [@CR10]\]. In addition, studies have shown that treatment with SGLT2 inhibitors reduces the serum levels of ALT and AST, as found with canagliflozin and dapagliflozin in patients with T2DM \[[@CR11], [@CR12]\], with empagliflozin in patients with T2DM with or without NAFLD \[[@CR13], [@CR14]\], and with dapagliflozin in patients with T2DM and NAFLD or NASH \[[@CR15]--[@CR17]\]. Furthermore, there is some evidence that SGLT2 inhibitors (empagliflozin and dapagliflozin) may improve markers of hepatic injury, hepatic steatosis, and liver fibrosis in patients with T2DM and NAFLD or NASH \[[@CR13], [@CR15]--[@CR17]\].

Ertugliflozin, a selective inhibitor of SGLT2, is approved in the USA, European Union, and other countries for the treatment of adults with T2DM. The VERTIS (eValuation of ERTugliflozin effIcacy and Safety) phase 3 clinical program has demonstrated the efficacy and safety of oral, once-daily 5 and 15 mg ertugliflozin, respectively, either as monotherapy or in combination with other antihyperglycemic agents \[[@CR18]--[@CR25]\]. In the post hoc analysis reported here, we explored the effects of ertugliflozin on ALT, AST, and the Fibrosis-4 Index (FIB-4; a non-invasive marker of hepatic fibrosis) and examined their association with changes in glycemic control (HbA1c) and body weight.

Methods {#Sec2}
=======

Study Design and Patient Population {#Sec3}
-----------------------------------

This post hoc, exploratory analysis used a pooled data set comprising seven randomized, double-blind VERTIS phase 3 trials that evaluated the efficacy and safety of ertugliflozin compared with non-ertugliflozin (placebo, glimepiride, or sitagliptin) treatment (Table [1](#Tab1){ref-type="table"}) \[[@CR18]--[@CR24]\]. In these studies, patients aged ≥ 18 years with inadequately controlled T2DM per the American Diabetes Association criteria and baseline HbA1c of 7.0--11% were randomized to treatment with ertugliflozin 5 mg, ertugliflozin 15 mg, or non-ertugliflozin treatment for 26--52 weeks (Table [1](#Tab1){ref-type="table"}). Glycemic rescue therapy was prescribed for patients who exceeded protocol-specified glycemic thresholds. Patients were excluded from these studies if the ALT or AST level was \> 2× the upper limit of normal at screening. Laboratory assessments were performed by one central laboratory with the following limits of normal: ALT female: ≤ 33 IU/L; ALT male: ≤ 41 IU/L, AST female: ≤ 31 IU/L, AST male: ≤ 37 IU/L.Table 1VERTIS phase 3 studies included in the analysisVERTIS study nameMONO \[[@CR24], [@CR26]\]MET \[[@CR23], [@CR27]\]SITA2 \[[@CR18]\]SU \[[@CR20], [@CR28]\]RENAL \[[@CR19]\]SITA \[[@CR21]\]FACTORIAL \[[@CR22]\]Clinicaltrials.gov identifierNCT01958671NCT02033889NCT02036515NCT01999218NCT01986855NCT02226003NCT02099110Number of patients randomized*N* = 461*N* = 621*N* = 464*N* = 1326*N* = 468*N* = 291*N* = 1233HbA1c inclusion criterion7.0--10.5%7.0--10.5%7.0--10.5%7.0--9.0%7.0--10.5%8.0--10.5%7.5--11.0%Background therapyDiet and exerciseMetforminMetformin and sitagliptinMetforminDiet/exercise with or without AHADiet and exerciseMetforminErtugliflozin treatment groupsErtugliflozin 5 mgErtugliflozin 15 mgErtugliflozin 5 mgErtugliflozin 15 mgErtugliflozin 5 mgErtugliflozin 15 mgErtugliflozin 5 mgErtugliflozin 15 mgErtugliflozin 5 mgErtugliflozin 15 mgErtugliflozin 5 mg + sitagliptin 100 mgErtugliflozin 15 mg + sitagliptin 100 mgErtugliflozin 5 mg, Ertugliflozin 15 mg, each with and without sitagliptin 100 mgComparatorPlaceboPlaceboPlaceboGlimepiridePlaceboPlaceboSitagliptinDuration26 weeks + 26-week extension26 weeks + 78-week extension26 weeks + 26-week extension52 weeks + 52-week extension26 weeks + 26-week extension26 weeks26 weeks + 26-week extensionTable was adapted from Fig. 1 in Liu et al. \[[@CR29]\]*AHA* Antihyperglycemic agent, *HbA1c* glycated hemoglobin

Endpoint and Assessments {#Sec4}
------------------------

Endpoints were change from baseline to week 52 of treatment in serum levels of ALT and AST, and FIB-4. The association between changes in ALT and AST and changes in HbA1c and body weight were also assessed.

FIB-4 was calculated using the following equation \[[@CR30], [@CR31]\]:$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ {\text{FIB}} - 4 = \frac{{\left( {\text{Age years}} \right) \times \left( {{\text{AST U}}/{\text{L}}} \right)}}{{\left( {{\text{Platelets}} 10^{9} /{\text{L}}} \right) \times \sqrt {{\text{ALT U}}/{\text{L}}} }}. $$\end{document}$$

No additional safety assessments were evaluated in this post hoc analysis. Safety analyses relating to each study have been published previously \[[@CR18]--[@CR24]\].

Statistical Analyses {#Sec5}
--------------------

This report presents data following 52 weeks of treatment. The post hoc analyses (SAS v9.4; SAS Institute, Cary, NC, USA) examined the data at both 26 and 52 weeks, and the results were generally similar. One of the seven VERTIS studies \[[@CR21]\] had a duration of only 26 weeks, but because the results of the analyses at 26 and 52 weeks in the other studies were similar, these data were included in the statistical analyses (as 26-week data), and new analyses without these data and based only on week 52 data were not deemed necessary.

Analyses on ALT, AST, FIB-4, HbA1c, and body weight were conducted on all randomized patients who received ≥ 1 dose of study medication and had a baseline measurement and at least one post-baseline measurement. All analyses included data after the initiation of rescue therapy. There was no correction for type 1 error with multiple testing; the *p* values provided from the analysis model should be considered nominal.

Change from baseline in ALT, AST, FIB-4, HbA1c, and body weight at week 52 were compared between treatment groups using a repeated-measures analysis of covariance (ANCOVA) model with fixed effects for treatment, time, trial, baseline value of the response variable, and the interaction of time by treatment. Time was fitted as a categorical term. This analysis was also conducted on pooled sets of patients grouped into tertiles according to baseline levels of ALT and AST.

The association between changes in ALT and AST and changes in HbA1c and body weight by treatment was assessed by Pearson correlation by treatment. In addition, a repeated-measures ANCOVA model including body weight and HbA1c change from baseline, with the baseline value of the response variables as covariates and with fixed effects for treatment, time, trial, baseline value of the response variable, and the interaction of time by treatment, was performed to assess the contributions of weight loss and improvements in glycemic control to the changes in ALT and AST at week 52.

Statement of Ethics Compliance {#Sec6}
------------------------------

Each of the seven studies included in the analysis was conducted in compliance with the ethical principles of the Declaration of Helsinki and in compliance with all International Conference on Harmonization Good Clinical Practice Guidelines. The final protocols and informed consent documentation were reviewed and approved by the Institutional Review Boards or Independent Ethics Committees at each investigational center. Written informed consent was obtained from all participants.

Results {#Sec7}
=======

Patient Disposition and Baseline Characteristics {#Sec8}
------------------------------------------------

A total of 4859 patients were included in the final analysis (ertugliflozin 5 mg, *n* = 1716; ertugliflozin 15 mg, *n* = 1693; non-ertugliflozin, *n* = 1450). Patients had a mean (standard deviation \[SD\]) duration of T2DM of 7.9 (6.4) years and a mean age of 57.8 (10.2) years; baseline characteristics were similar across the three treatment groups (Table [2](#Tab2){ref-type="table"}).Table 2Baseline demographics and disease characteristics of all patients included in the analysisBaseline demographics and disease characteristicsTreatment groupNon-ertugliflozin (*n* = 1450)Ertugliflozin 5 mg (*n* = 1716)Ertugliflozin 15 mg (*n* = 1693)Age (years)57.8 (10.3)57.9 (10.2)57.8 (10.2)Male, *n* (%)787 (54.3%)885 (51.6%)844 (49.9%)Body weight (kg)^a^89.2 (21.3)89.1 (20.8)87.5 (19.3)BMI (kg/m^2^)31.6 (6.3)31.9 (6.1)31.5 (5.8)Duration of T2DM (years)7.8 (6.3)7.9 (6.5)8.0 (6.3)HbA1c (%)^b^8.1 (0.9)8.2 (0.9)8.2 (0.9)ALT (IU/L)^c^26.6 (14.0)27.4 (14.6)27.6 (16.1)AST (IU/L)^d^21.7 (9.4)22.0 (9.8)22.3 (10.4)FIB-4^e^1.12 (0.56)1.11 (0.57)1.10 (0.53)Platelet count (10^9^/L)^f^239.2 (61.2)241.6 (60.4)245.1 (62.0)Data are presented as the mean with the standard deviation (SD) in parenthesis, unless otherwise specified*ALT* Alanine aminotransferase, *AST* aspartate aminotransferase, *BMI* body mass index, *FIB-4* Fibrosis-4 Index, *HbA1c* glycated hemoglobin, *T2DM* type 2 diabetes mellitus^a--f^*n* is the number of patients in the non-ertugliflozin, ertugliflozin 5 mg, and ertugliflozin 15 mg treatment arms, respectively. ^a^*n* = 1442, *n* = 1706, and *n* = 1686; ^b^*n* = 1439, *n* = 1695, and *n* = 1679; ^c^*n* = 1417, *n* = 1677, and *n* = 1664; ^d^*n* = 1415, *n* = 1672, and *n* = 1664; ^e^*n* = 1377, *n* = 1626, and *n* = 1621; ^f^*n* = 1407, *n* = 1657, and *n* = 1651

Serum Levels of ALT and AST {#Sec9}
---------------------------

Treatment with ertugliflozin 5 mg and 15 mg was associated with a decrease in serum levels of ALT and AST from baseline at week 52 compared with the non-ertugliflozin treatment, which showed increases in ALT and AST. Both the absolute and percentage decrease from baseline were greater with ertugliflozin 5 mg and 15 mg than with non-ertugliflozin treatment (Fig. [1](#Fig1){ref-type="fig"}).Fig. 1Least squares (*LS*) mean absolute and percentage change from baseline at week 52 in alanine aminotransferase (*ALT*) (**a**) and aspartate aminotransferase (*AST*) (**b**). ^a^Difference in LS means with the 95% confidence interval (*CI*) in parenthesis. *SD* Standard deviation

Patients were categorized into tertiles according to baseline serum levels of ALT and AST as follows:

ALT: ≤ 19, \> 19 to ≤ 29, and \> 29 IU/L;AST: ≤ 17, \> 17 to ≤ 23, and \> 23 IU/L. Across all tertiles, ertugliflozin 5 mg and 15 mg provided a greater benefit (reduction) on ALT and AST levels than did the non-ertugliflozin treatment at week 52 (Fig. [2](#Fig2){ref-type="fig"}). For both ertugliflozin doses, the largest reduction from baseline was observed in the highest tertile. For the highest baseline ALT tertile (\> 29 IU/L), ertugliflozin 5 mg and 15 mg provided a least squares (LS) mean (95% confidence interval \[CI\]) reduction from baseline of − 10.69 (− 12.51, − 8.88) IU/L and − 11.02 (− 12.82, − 9.23) IU/L, respectively, which is more than twice the reduction shown in the non-ertugliflozin treatment arm (LS mean − 4.19 IU/L; 95% CI − 6.21, − 2.17). For the highest baseline AST tertile (\> 23 IU/L), ertugliflozin 5 mg and 15 mg provided a LS mean (95% CI) reduction from baseline of − 6.79 (− 7.98, − 5.60) IU/L and − 7.17 (− 8.33, − 6.01) IU/L, respectively; LS mean change from baseline in the non-ertugliflozin arm was − 4.32 (− 5.64, − 3.01) IU/L.Fig. 2Least squares (*LS*) mean absolute change from baseline at week 52 in ALT (**a**) and AST (**b**) by tertiles of baseline ALT and AST. ^a^Difference in LS means with the 95% CI in parenthesis.*ALT* Alanine aminotransferase,*AST* aspartate aminotransferase,*CI* confidence interval,*SD* standard deviation

FIB-4 {#Sec10}
-----

At week 52, the mean (SD) FIB-4 value was 1.11 (0.51) for the ertugliflozin 5 mg group, 1.09 (0.55) for the ertugliflozin 15 mg group, and 1.16 (0.52) for the non-ertugliflozin group. There were no meaningful differences in absolute LS mean change from baseline at week 52 in FIB-4 between the treatment groups (Table [3](#Tab3){ref-type="table"}).Table 3Least squares mean absolute change from baseline at week 52 in Fibrosis-4 IndexTreatment armsBaseline FIB-4Week 52 FIB-4Change in FIB-4 from baseline at week 52Mean (SD)Mean (SD)LS mean (95% CI)Difference in LS mean relative to non-ertugliflozin (95% CI)Non-ertugliflozin1.12 (0.56)1.16 (0.52)0.01 (− 0.02, 0.03)--Ertugliflozin 5 mg1.11 (0.57)1.11 (0.51)0.02 (0.00, 0.04)0.01 (− 0.02, 0.04)Ertugliflozin 15 mg1.10 (0.53)1.09 (0.55)0.01 (− 0.01, 0.03)0.00 (− 0.03, 0.03)*CI* Confidence interval, *LS* least squares,*FIB-4* Fibrosis-4 Index,*SD* standard deviation

Association of ALT and AST With Reductions in HbA1c and Body Weight {#Sec11}
-------------------------------------------------------------------

At week 52, both doses of ertugliflozin led to greater reductions from baseline in HbA1c compared with the non-ertugliflozin group (Fig. [3](#Fig3){ref-type="fig"}). Ertugliflozin also led to reductions from baseline in body weight, in contrast to the non-ertugliflozin group, which showed no overall change from baseline (Fig. [3](#Fig3){ref-type="fig"}).Fig. 3Least squares (*LS*) mean change from baseline at week 52 in glycated hemoglobin (*HbA1c*) and body weight. ^a^Difference in LS means (95% CI).*CI* confidence interval,*SD* standard deviation

The changes in ALT and AST from baseline to week 52 were associated with changes in HbA1c and body weight in all treatment groups, with*r* values ranging from 0.12 to 0.16 for HbA1c and from 0.13 to 0.23 for body weight (all *p* ≤  0.0002).

With the addition of body weight and HbA1c as covariates in the statistical model, both doses of ertugliflozin remained more effective than non-ertugliflozin therapies in reducing serum levels of ALT and AST at week 52 (Table [4](#Tab4){ref-type="table"}). However, the LS mean differences between treatment groups (ertugliflozin vs. non-ertugliflozin) when body weight and HbA1c were included as covariates (Table [4](#Tab4){ref-type="table"}) were smaller than those obtained when body weight and HbA1c were not included as covariates (Fig. [1](#Fig1){ref-type="fig"}).Table 4Treatment difference in least squares mean absolute and percentage change from baseline to week 52 in alanine and aspartate transaminases (repeated-measures analysis with body weight and glycated hemoglobin as covariates)TreatmentDifference in LS mean change from baseline relative to non-ertugliflozin (95% CI)Absolute change, IU/LPercentage changeALT Ertugliflozin 5 mg-- 2.35 (-- 3.38, -- 1.33)-- 8.08 (-- 11.71, -- 4.44) Ertugliflozin 15 mg-- 2.93 (-- 3.96, -- 1.90)-- 10.77 (-- 14.42, -- 7.11)AST Ertugliflozin 5 mg-- 1.37 (-- 2.06, -- 0.68)-- 5.75 (-- 8.84, -- 2.66) Ertugliflozin 15 mg-- 1.61 (-- 2.30, -- 0.92)-- 7.07 (-- 10.17, -- 3.96)*ALT* Alanine aminotransferase, *AST* aspartate aminotransferase, *CI* confidence interval, *HbA1c* glycated hemoglobin, *LS* least squares

Discussion {#Sec12}
==========

In this post hoc pooled analysis of patients with T2DM, treatment with ertugliflozin 5 mg and 15 mg reduced serum levels of ALT and AST after 52 weeks of treatment compared with non-ertugliflozin treatment. When patients were grouped by baseline ALT and AST tertiles, the greatest reduction from baseline was seen in the highest tertile for ALT (\> 29 IU/L) and AST (\> 23 IU/L), and was more prominent for ALT. Given that these clinical trials excluded patients with baseline ALT or AST \> 2× upper limit of normal, the potential effect of ertugliflozin in reducing hepatic transaminases may be underestimated---especially for patient groups with higher transaminase levels, as found in some patients with NAFLD. Overall, these findings are consistent with those reported for other SGLT2 inhibitors in patients with T2DM \[[@CR11], [@CR12], [@CR14]\].

The present analysis also assessed the impact of ertugliflozin on liver fibrosis using the FIB-4, a calculated score that has been shown to correlate with the stage of fibrosis (by histologic status) in patients with NAFLD \[[@CR32]\]. The FIB-4 scores observed in this study at baseline and at week 52 likely correspond to fibrosis stage 0--2 \[[@CR32]\], and are consistent with previously published FIB-4 scores in patients with T2DM and no diagnosis of liver disease \[[@CR12]\]. No difference between treatment groups in the change from baseline to week 52 in FIB-4 score was observed. This lack of effect in patients receiving ertugliflozin may be due to the patient population enrolled; there was no requirement for liver disease, thereby resulting in low levels of baseline fibrosis. In studies of patients with T2DM and NAFLD \[[@CR33], [@CR34]\] or biopsy-confirmed NASH \[[@CR35]\] treated with SGLT2 inhibitors, on average, baseline FIB-4 scores (mean values were 1.42 and 2.08 in two studies; median value was 1.75 in another study) were higher than those in the present analysis, suggesting that at least some patients in those studies may fall within fibrosis histology stage 3--4 \[[@CR32]\]. In those studies, improvements in the FIB-4 scores were observed following SGLT2 inhibitor treatment.

Changes in ALT and AST showed a weak but statistically significant association with changes in HbA1c and body weight in all treatment groups at week 52. When body weight and HbA1c were added as covariates in the repeated-measures ANCOVA model, the effect of ertugliflozin versus non-ertugliflozin on ALT and AST remained, but the effect sizes were smaller than those from the analysis without these factors as covariates. This suggests that changes in HbA1c and body weight may partly contribute to the effects of ertugliflozin on aminotransferases, but do not account entirely for the observed reductions in this post hoc analysis. Relationships between changes in liver enzymes and changes in body weight or HbA1c may not be linear, and this could account for the weak correlation between the parameters.

Similar analyses with other SGLT2 inhibitors have produced divergent findings. In a pooled analysis of patients with T2DM treated with canagliflozin, the significant reductions in ALT and AST at week 26 were fully attributed to lowered body weight and HbA1c level \[[@CR11]\]. However, in a pooled analysis of patients treated with empagliflozin, the significant reductions in ALT after 28 weeks of treatment were found to be largely independent of changes in body weight and glycemic control \[[@CR14]\]. Similarly, in a clinical study of ipragliflozin in patients with T2DM-associated liver dysfunction, changes in serum ALT levels did not correlate with changes in body weight \[[@CR36]\]. The reason for these discrepancies is unclear but may be related to methodologic and patient population differences among studies and their associated statistical models for pooled analyses.

There are limitations associated with this analysis. The post hoc nature of the analysis, the exclusion of patients with elevated levels of ALT and AST from the studies in this analysis, and the heterogeneous non-ertugliflozin control group could be considered potential limitations. Further, the analysis was not conducted in patients specifically with any chronic liver disease, such as NAFLD or NASH. Lastly, there was no correction for type 1 error with multiple testing.

Conclusion {#Sec13}
==========

In this post hoc, exploratory analysis, ertugliflozin was shown to be associated with reductions in hepatic transaminases in patients treated for 52 weeks compared with the group receiving non-ertugliflozin treatment (placebo, glimepiride, or sitagliptin). Weak correlations were observed with body weight and HbA1c. No differences in the FIB-4 score were observed. Prospective and mechanistic studies are needed to assess the effects of ertugliflozin and other SGLT2 inhibitors on liver enzymes in patients with T2DM with and without NAFLD.
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